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The frequency and wavelength of the methane-stabilized laser at 3.39 pum were direct~
ly measured against the respective primary standards. With infrared frequency syn-
thesis techniques, we obtain »=88.376 181 627(50) THz. With frequency-controlled in~
terferometry, we find A =3.392231376(12) um. Multiplication yields the speed of light
c=299792456.2(1.1) m/sec, in agreement with and 100 times less uncertain than the
previously accepted value. The main limitation is asymmetry in the krypton 6057-A

line defining the meter.

The speed of light is one of the most interest-
ing and important of the fundamental (dimen-
sioned) constants of nature.' It enters naturally
into ranging experiments, such as geophysical
distance measurements which use modulated elec-
tromagnetic radiation, and astronomical mea-
surements such as microwave planetary radar
- and laser lunar ranging. Basically, very high-
accuracy measured delay times for electromag-
netic waves are dimensionally converted to dis-
tance using the light propagation speed. Recent
experiments have set very restrictive limits on
any possible speed dependence on direction® or
frequency.® Another interesting class of applica-
tions involves the speed of propagating waves in
a less obvious manner. For example, the con-
version between electrostatic and electromag-
netic units involves the constant ¢, as does the
relativistic relationship between the atomic mass
scale and particle energies.

With the perfection of highly reproducible and
stable lasers, their wavelength-frequency duality
becomes of wider interest. We begin to think of
these lasers as frequency references for certain
kinds of problems such as optical heterodyne
spectroscopy.? At the same time, we use the
wavelength aspect of the radiation, for example,
in precision long-path interferometry.®

It has been clear since the early days of lasers
that this wavelength-frequency duality could form
the basis of a powerful method to measure the
speed of light. However, the laser’s optical fre-
quency was much too high for conventional fre-
quency measurement methods. This fact led to
the invention of a variety of modulation or differ-
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ential schemes, basically conceived to preserve
the small interferometric errors associated with
the short optical wavelength, while utilizing mi-
crowave frequencies which were still readily
manipulated and measured. These microwave
frequencies were to be modulated onto the laser
output or realized as a difference frequency® be-
tween two separate laser transitions. Indeed, a
proposed major long-path interferometric exper-
iment” based on the latter idea has been made
obsolete by the high-precision direct frequency
measurement® summarized in this Letter. An
ingenious modulation scheme, generally applic-
able to any laser transition, has recently suc-
cessfully produced an improved value for the
speed of light.® While this method can undoubt-
edly be perfected further, its differential nature
leads to limitations which are not operative in
the present, direct method.

The product of the frequency and wavelength of
an electromagnetic wave is the speed of propaga-
tion of that wave. For an accurate determination
of both of these quantities, the source should be
stable and monochromatic and should be at as
short a wavelength as possible. At shorter opti-
cal wavelengths the accuracy of the wavelength
measurement increases. A suitable source of
such radiation is the methane-stabilized He-Ne
laser'® at 3.39 um (88 THz). Direct frequency
measurements were recently extended to this
frequency!! and subsequently refined® to the pres-
ent accuracy of 6 parts in 10'°. The wavelength
of this stabilized laser has been compared'® with
the krypton-86 length standard to the limit of the
usefulness of the length standard (approximately
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3 parts in 10°). The product of the measured
frequency and the wavelength yields a new, de-
finitive value for the speed of light, ¢. The pre-
viously accepted value'® of ¢ was similarly de-
termined by measuring the frequency and wave-
length of a stable electromagnetic oscillator;
however, it oscillated at 72 GHz (more than 1000
times lower in frequency than in the case of the
present measurements). The 100-fold improve-
ment in the presently reported measurement
comes mainly from the increased accuracy pos-
sible in the measurement? of the shorter wave-
length.

With suitable point-contact mixer diodes, a
chain of stabilized lasers and klystron frequency
sources has allowed direct harmonic generation
and frequency mixing from the National Bureau
of Standards frequency standard upward to the
CO, laser at 29 THz (10.3 um) and thence upward
to the methane-stabilized laser at 88 THz (3.39
um). Five different types of laser and five kly-
strons were used in the three-step measurement
process. An interpolating counter referenced to
a cesium clock counted the X-band frequency at
the base of the chain. The X-band klystron was
phase locked to the 74-GHz klystron which was
phase locked to the free-running HCN laser. A
times-12 multiplication brought a harmonic of
the HCN laser to within 29 GHz of the free-run-
ning H,O laser frequency (at 28 um), and the tens
of megahertz beat note produced in this diode
was measured on a spectrum analyzer and count-
er. The H,O laser’s third harmonic fell 19 GHz
above the CO, R(10) laser at 9.3 yum. The CO,
laser was frequency stabilized to the central tun-
ing dip (Lamb dip) of the saturated fluorescence
in a low-pressure CO, absorption cell.**!s All of
the above described beat notes were measured
simultaneously in this first step of the experi-
ment, yielding the frequency 32.134 266 891(24)
THz for the R(10) line. The interval from this
R(10) frequency to the R(30) line of CO, at 10.3
um was measured as the HCN laser’s third har-
monic +19.5 GHz. The resulting CO, R(30) fre-
quency was 29.442 483 315(25) THz. The third
harmonic of this laser’s frequency falls 49 GHz
short of the He-Ne laser (3.39 um) stabilized
to the saturated absorption peak in methane. The
final methane-stabilized frequency [ F,*) compo-
nent of P(7)] was found to be 88.376181 627(50)
THz. The fractional uncertainties in the molecu-
lar frequencies of CO, are somewhat larger than
that of methane due to larger possible offsets
from true line centers of the CO, absorptions.

These offsets would not affect either the value
or the uncertainty of the measured methane fre-
quency. The (1 standard deviation) error esti-
mates result from careful analysis® of both ran-
dom and possible systematic effects. The dra-
matic accuracy improvement over previous in-
frared frequency measurements stems from the
use of better microwave and laser frequency con-
trol and measurement electronics, improved
mixer signal-to-noise ratios, and, most impor-
tantly, the use of molecular saturated-absorp-
tion stabilization of the measured infrared fre-
quencies.

In a coordinated effort, the wavelength of the
3.39-um line of methane has been measured with
respect to the Kr® 6057-A primary standard of
length. Using a frequency-controlled Fabry-
Perot interferometer with a pointing precision
of about 2X107° orders, we have made a detailed
search for systematic offsets inherent in the ex-
periment, including effects due to the asymmetry
of the Kr standard line. Offsets due to various
experimental effects (such as beam misalign-
ments, mirror curvatures and phase shifts,
phase shift over the exit aperture, diffraction,
etc.) were carefully measured and then removed
from the data with an uncertainty of about 2 parts
in 10°. This reproducibility for a single wave-
length measurement illustrates the high preci-
sion which is available using the frequency-con-
trolled interferometer.

Unfortunately, after the Kr® transition at 6057
A was adopted as the primary standard of length
it was discovered that this line is slightly asym-
metric,'® resulting in a small shift of effective
wavelength with the order of interference. For
example, in our experiment'? the apparent mea-
sured wavelength showed a fractional systematic
dependence of +1.1X1078 upon the mirror spac-
ing, in basic agreement with other work.% !’
Following Rowley and Hamon,'® a two-component
model of the krypton asymmetry was used to
analyze our data. This model reduced the stan-
dard deviation of the twenty wavelength measure-
ments from 6.4 to 2.7 parts in 10°, and shifted
the point of fringe maximum intensity by 4.1 parts
in 10°. The deviations were improved somewhat
further and the average wavelength red-shifted
by 1.2 parts in 10° when we also assumed a radial
dependence'® of the Doppler shift!® across the
capillary bore of the krypton standard lamp.

In view of the (small) intrinsic asymmetry of
the Kr standard line, it is necessary to specify
the point on the line profile to which the defined
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wavelength (6057.802105 A) is applied. At pres-
ent there is no universal convention for this
choice, Thus if the defined value is applied to
the maximum-intensity point of the Kr line, we
find A =33922.31404 A; if the defined value is
applied to the center of gravity of the Kr line,

A =3392231376 A. Detailed consideration®® of
random and known systematic effects, along with
uncertainties in the krypton asymmetry model,
leads to an estimated 68% confidence interval of
Gr=%1,2X107% A or 6x/A =+ 3.5X107° for both of
these results.

The methane wavelength has also been mea-
sured by Giacomo.?' Although he does not state
his reference-point convention, his quoted result
(33922.313176 A) is identical to ours for our case
where the defined Kr wavelength is applied to the
line center of gravity.

In the absence of an international agreement on
this question of reference point for the krypton
length definition, we feel it simplifies presenta-
tion of our numerical result if we adopt the arbi-
trary convention that the defined wavelength is
to be applied to the center of gravity of the kryp-
ton line. With this choice, the values of the wave-
length and frequency of the methane-stabilized
He-Ne laser are

A =3.392231376(12) um (6A/A=%3.5%107°)
and
v=88.376181627(50) THz (5v/v=%6x10719),
Therefore,
¢ =2991792456.2(1.1) m/sec
(6c/c =+3.5%x1079).

The uncertainties quoted are 1-standard-devi-
ation (68% reliance) estimates and include both
random and residual systematic uncertainties.
This result is in agreement with the previously
accepted value of ¢ =299 792 500(100) m/sec and
is about 100 times more accurate. As mentioned
above, a recent differential measurement of the
speed of light has been made by Bay, Luther,
and White®; their value is 299 792 462(18) m/sec,
which is in agreement with the presently deter-
mined value. If the maximum-intensity point of
the Kr line is chosen,?? the methane wavelength,
and hence the value of ¢, is increased by 8.3
parts in 10° [ ;=299 792 458.7(1.1) m/sec].
The fractional uncertainty in our value for the
speed of light, +3.5X107°, essentially arises
from the interferometric measurements with the
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incoherent krypton radiation which operationally
defines the international meter. This limitation
is indicative of the remarkable growth in optical
physics in recent years: The present krypton-

based length definition was adopted only in 1960!

One view of this situation is that with lasers
(and great care) it is possible to measure optical
lengths more precisely than they may be oper-
ationally expressed in meters. Thus, one is
easily led to consider choosing a suitable stabi-
lized laser as a new basic standard of length.
Both the methane-stabilized'®*?® He-Ne laser at
3.39 um (88 THz) and the I,-stabilized®** He-Ne
laser at 0.633 um appear to be suitable candi-
dates for the basic standard of length. They also
can serve as secondary standards of frequency
in the near-infrared and visible regions. The
methane-stabilized He-Ne laser frequency is al-
ready known to 6 parts in 10'°, and further mea-
surements are expected to increase the accuracy
to a few parts in 10" in the next year or two. A
new value of the speed of light with this accuracy
should thus be achievable if the standard of length
were redefined.

Alternately, one can consider defining the me-
ter as a specified fraction of the distance light
travels in one second in vacuum (that is, one can
define the speed of light). With this definition,
the wavelength of stabilized lasers would be
known to the same accuracy with which their
frequencies can be measured. Stabilized lasers
would thus provide accurate secondary standards
of both frequency and length. It should be noted
that an adopted nominal value for the speed of
light is already in use for high-accuracy astro-
nomical measurements.

Independent of which type of definition is chos-
en we believe that research on simplified fre-
quency synthesis chains bridging the microwave-
optical gap will be of great interest, as will re-
fined experiments directed toward an understand-
ing of the factors that limit laser optical fre-
quency reproducibility. No matter how such re-
search may turn out, it is clear that ultraprecise
physical measurements made in the interim can
be preserved through wavelength or frequency
comparison with a suitable stabilized laser such
as the 3.39-um methane device.
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